We investigate the triggering mechanism and the structural properties of obscured luminous active galactic nuclei from a detailed study of the rest-frame B and I Hubble Space Telescope images of 29 nearby (z ≈ 0.04 − 0.4) optically selected type 2 quasars. Morphological classification reveals that only a minority (34%) of the hosts are mergers or interacting galaxies. More than half (55%) of the hosts contain regular disks, and a substantial fraction (38%), in fact, are disk-dominated (B/T 0.2) late-type galaxies with low Sérsic indices (n < 2), which is characteristic of pseudo bulges. The prevalence of bars in the spiral host galaxies may be sufficient to supply the modest fuel requirements needed to power the nuclear activity in these systems. Nuclear star formation seems to be ubiquitous in the central regions, leading to positive color gradients within the bulges and enhancements in the central surface brightness of most systems.
INTRODUCTION
The ubiquitous presence of supermassive black holes in the centers of galaxies and the tight correlations between black hole mass and bulge stellar mass (Magorrian et al. 1998; Kormendy & Ho 2013 ) and velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000) have often been attributed to a close connection between the growth of the central black hole (through accretion) and the growth of the host galaxy (through star formation). The exact nature of this connection, however, is still under debate. In this regard, active galactic nuclei (AGNs) are of great importance to understand the physical link between black holes and their host galaxies, as AGNs are powered by intense accretion of material onto the central black hole. Strong outflows from AGNs can quench star formation efficiently, and may be responsible for establishing the empirical correlations between black hole mass and host galaxy properties (e.g., Di Matteo et al. 2005; .
One of the most crucial but yet unknown factors on clarifying the role of nuclear activity in the coevolution of black holes and their hosts is how AGNs are triggered. For AGNs with low to moderate luminosities (e.g., Seyfert galaxies with bolometric luminosities L bol 10 45 erg s −1 ), observational and theoretical studies suggest that various internal processes can trigger mass accretion to the central black hole (e.g., Hopkins et al. 2014 ). However, these mechanisms are insufficient to explain the ignition of more powerful AGNs with L bol > 10 45 erg s −1 . It seems unlikely that the gas reservoir on kpc scales can lose sufficient angular momentum to feed luminous quasars (Jogee 2006) .
In numerical simulations, gas-rich major mergers are suggested as a promising mechanism to trigger luminous AGNs (e.g., Hopkins et al. 2008; Alexander & Hickox 2012) . The morphological signatures of major mergers, such as close pairs, double nuclei, disturbed morphologies, tidal tails, and shells and bridges are expected to be visible up to ∼ 0.5−1.5 Gyr after the merger. Given that the AGN lifetime is thought to be 100 Myr (Martini & Weinberg 2001; Yu & Tremaine 2002; Martini 2004) , the features of morphological disturbance should be observable in their host galaxies if luminous AGNs are triggered by gas-rich major mergers.
A number of observational studies have examined the morphologies of the host galaxies of luminous AGNs to test the major-merger scenario. A high frequency of distortions in the morphologies of AGN host galaxies has been reported in a number of studies using quasars selected from various methods (e.g., radio quasars: Ramos Almeida et al. 2011 ; optically unobscured quasars: Veilleux et al. 2009 ), seemingly consistent with the conventional hypothesis. On the other hand, there are no shortage of studies that reach the opposite conclusion, that major mergers play only an insignificant role in triggering luminous AGNs (e.g., radio quasars: Dunlop et al. 2003; Floyd et al. 2004 ; X-ray quasars: Cisternas et al. 2011; Villforth et al. 2014 ; optically unobscured quasars: Mechtley et al. 2016) .
According to the gas-rich major-merger scenario, luminous AGNs should be highly obscured during the early stages of the merger because of the enhanced concentration of gas and dust from the progenitor galaxies. In the aftermath of the merger event, these highly obscured, luminous AGNs-classified as "type 2" quasars-should be morphologically highly disturbed. When the obscuration clears and "type 1" quasars emerge toward the late stages of the evolution, it is unclear the extent to which the morphological signatures of the merger process still remain visible. Thus, type 2 quasars are the more promising targets to test the role of gas-rich major mergers in triggering AGNs, and the overall major merger-driven framework of black hole-galaxy coevolution.
In terms of morphological studies of AGN host galaxies, obscured sources enjoy another strong advantage compared with their unobscured counterparts because of their absence of a bright nucleus. The host galaxies of type 1 AGNs can be extraordinarily difficult to study because of the dominating influence of their strong central point source (e.g., Kim et al. 2008a Kim et al. ,b, 2017 Mechtley et al. 2016) . Even basic morphological classifications-not to mention of more quantitative structural parameters-can be challenging to obtain. By contrast, the nuclear obscuration of type 2 AGNs serves as a natural coronagraph to block the blinding nucleus, thereby affording a cleaner view of the detailed internal structures of the host galaxy.
Although various theoretical studies have long predicted the existence of obscured luminous AGNs, a limited number of type 2 quasars were known until large samples were discovered in the last decade (e.g., Zakamska et al. 2003; Martínez-Sansigre et al. 2005; Reyes et al. 2008; Alexandroff et al. 2016) . At high redshifts (z ≈ 2), Donley et al. (2018) demonstrate that major mergers play a dominant role in triggering and fuelling infrared-selected, luminous obscured AGNs. At intermediate redshifts (z ≈ 0.5), morphological hints of interactions have also been found to be prevalent in the host galaxies of optically selected type 2 quasars (e.g., Villar-Martín et al. 2011; Wylezalek et al. 2016 ), further supporting the major merger scenario. However, the situation is less clear at lower redshifts (z 0.3). Bessiere et al. (2012) reported a significant fraction (75%) of type 2 quasars showing evident features of morphological disturbance. Nevertheless, elliptical host galaxies were seen to be dominant (∼ 70%) in type 2 samples by other studies, such as those of Zakamska et al. (2006) and VillarMartín et al. (2012) .
This work reports deep, high-resolution, rest-frame optical images obtained with the Hubble Space Telescope (HST) of a sample of 29 nearby (z ≈ 0.04 − 0.4) type 2 quasars. Although the sample is modest, our observations represent the most extensive, detailed study to date of the host galaxies of obscured quasars in the local Universe. The HST images, taken in rest-frame B and I, enable us not only to investigate the morphological properties of the host galaxies but also to derive crude constraints on their stellar populations. We analyze the morphologies, photometric structures, colors, and stellar masses of the host galaxies, paying special emphasis on their bulges. We examine whether major mergers are causally connected to AGN activity.
The paper is organized as follows. Section 2 introduces the sample and describes the HST observations and data reduction. Section 3 presents the image analysis of the host galaxies, including morphological classification, structure decomposition, color map construction, and stellar mass estimation. Results and discussions are presented in Section 4. We summarize our main conclusions in Section 5. This work adopts the following cosmological parameters: Ω m = 0.286, Ω Λ = 0.714, and H 0 = 69.6 km s −1 Mpc −1 (Bennett et al. 2014 ).
2. DATA
Sample Selection
Our type 2 quasars were originally selected to complement a matching study of low-redshift type 1 quasars selected from the Palomar-Green survey of Schmidt & Green (1983) to examine the evolutionary connection between these two populations, which will be reported in an upcoming paper. The comparison sample of PalomarGreen quasars consists of 87 objects with z < 0.5 (Boroson & Green 1992) . To this end, we randomly selected 87 type 2 quasars, matching the Palomar-Green sample in terms of redshift and [O III] λ5007 luminosity, from the catalog of 887 type 2 quasars published by Reyes et al. (2008) 1 . Type 2 quasars in this catalog were identified from the Sloan Digital Sky Survey (SDSS; York et al. 2000) Data Release 6 spectroscopic database (AdelmanMcCarthy et al. 2008) . Our selection assumes that type 2 quasars have the same intrinsic AGN luminosity as type (Kong & Ho 2018) and redshift for our sample of 29 type 2 quasars. The sample is nearby (median z ≈ 0.1) and has a median log(
, and that L [O III] is related to the bolometric luminosity of the AGN (Heckman et al. 2005; LaMassa et al. 2009; Dicken et al. 2014) .
As the observations were conducted in the "snapshot" mode of HST, only ∼ 1/3 of the original sample of type 2 quasars was observed successfully, yielding a sample of 29 objects (Table 1 ). The final sample spans a redshift range of 0.04 to 0.4, with a median value of z = 0.12, and extinction-corrected [O III] luminosities from log(L [O III] /L ) = 8.42 to 9.88, with a median value of 9.11 (Fig. 1) . The 29 objects have a similar distribution of redshifts, [O III] luminosities, and optical magnitudes as the original sample of 87 objects. They also match the distribution of these quantities in the parent catalog of Reyes et al. (2008) at z < 0.5.
HST WFC3 Observations
The observations were conducted using the WFC3 camera between November 2012 and July 2014 (proposal ID 12903; PI: Luis C. Ho). Each object was observed with a blue filter and a red filter using the UVIS or IR channel. The bandpasses were carefully chosen from the large suite of available WFC3 filters, with two considerations: to match approximately rest-frame B and I, and to avoid strong emission lines. Hereinafter, we denote the bluer filter (F438W, F475W, F555W) as B WFC3 and the redder filter (F814W, F105W, F110W, F125W) as
For the UVIS channel, each quasar was observed with three long exposures, using the three-point dithering pattern WFC3-UVIS-DITHER-LINE-3PT. For the IR channel, four long exposures were taken using the four-point dithering pattern WFC3-IR-DITHER-BOX-MIN. We used subarrays to minimize the readout time and buffer size, resulting in a field-of-view (FoV) of 67 × 67 arcsec 2 and 40 × 40 arcsec 2 for the IR and UVIS channels, respectively. These FoVs, which correspond to ∼ 145 and 87 kpc at the median redshift of the sample, are sufficiently wide to cover the outskirts of the host galaxies for detecting extended features and to achieve accurate sky measurement. Total exposure times, which varied between 147 and 780 s, were set to reach a surface brightness limit of µ ≈ 25 mag arcsec −2 , a depth that previous studies had demonstrated can yield robust detections of faint outer structures (e.g., Kim et al. 2008a; Greene et al. 2008; Jiang et al. 2011) . Table 1 gives a summary of the observations.
Data Reduction
We use AstroDrizzle to combine the dithered images to generate cosmic ray-removed science images. The pixel scale is set to 0. 06 for the IR channel and 0. 03 for the UVIS channel so that it Nyquist samples the point-spread function (PSF), which has a full width at half maximum (FWHM) of ∼ 0. 13 and 0. 07 for the IR and UVIS channel, respectively. Fortunately, none of the central pixels near the nucleus was saturated. Although AstroDrizzle performs sky subtraction, further adjustments of the sky level were made during the twodimensional (2-D) image fitting process using GALFIT (Peng et al. 2002 (Peng et al. , 2010 ; see Section 3.2.1).
A robust model of the PSF is crucial for accurate image decomposition, even for the hosts of type 2 AGNs. Ideally, the PSF can be constructed from bright stars observed simultaneously in the science images, but in general this is not possible in our program because of the relatively small FoV of our subarray images. While synthetic TinyTim (Krist et al. 2011) PSFs are commonly used as a substitute (e.g., Kim et al. 2017) , our experience (Huang et al. 2019) indicates that empirical PSFs generated from stacked WFC3 images of multiple bright, unsaturated, isolated stars observed with the same filter, in the same dither pattern, but at different times perform significantly better than synthetic PSFs. Hence, our analysis uses a library of empirical PSFs of high signal-to-noise (S/N) created from stacking individual stars. The total number of stars used to generate the stacked PSF differs from filter to filter, with the average being a few tens.
ANALYSIS
We first inspect the images to visually classify the morphologies of the host galaxies. We then quantify their structural parameters through detailed 2-D image de- (Reyes et al. 2008) . Column (6): Extinction-corrected [O III] luminosity (Kong & Ho 2018) . Column (7): WFC3 filter. Column (8): Exposure time for I WFC3 and B WFC3 . Column (9): Date of observations. composition. We generate color maps and color profiles, which enable us to derive stellar masses and explore the stellar population of the host galaxies.
Morphology Classification
The high resolution and sensitivity of the WFC3 images, coupled with the low redshifts of our sample, allow us to perform quite reliable visual classifications of the galaxy morphologies. We distinguish five broad types: merging/disturbed, unbarred spirals, barred spirals, lenticulars, and ellipticals. In this work, we regard spirals and lenticulars as disk galaxies, and we consider spirals as late-type.
We summarize the classifications of the 29 objects as follows (Figure 2 ): 10 can be considered merging/disturbed because they exhibit obvious signs of interactions, distorted features, or otherwise reside in host galaxies in close pairs; three are found in unbarred and eight in barred spirals; five are hosted by lenticulars; and the remaining three are in ellipticals. The morphological type of each quasar can be found in Table 2 .
Both the merging/disturbed system SDSS J162436.40+334406.7 and the lenticular galaxy SDSS Figure 2 . Morphological classifications of our sample. The objects are classified into five types: merging/disturbed, barred spiral, unbarred spiral, lenticular, and elliptical. The I WFC3 and B WFC3 images of each quasar are shown in the upper and lower panel, respectively, displayed using a logarithmic scale with the same FoV. The objects illustrated here have merging/disturbed host galaxies. A SDSS image with larger FoV is shown as an inset for SDSS J144038.09+533015.8 to demonstrate its interaction with another galaxy.
J093625.36+592452.7 have an apparent close companion. Based on available redshift measurements, the companion of SDSS J162436.40+334406.7 is genuinely associated with it, thus indeed constituting a merging system. However, the apparent companion of SDSS J093625.36+592452.7 is a foreground galaxy at z = 0.04. While the WFC3 images of SDSS J144038.09+533015.8 suggest that the host galaxy is an isolated spiral, a larger FoV SDSS image (see inset panel in Figure 2 ) reveals a long stellar bridge connecting the quasar to a disturbed companion, which prompted us to classify the host as merging/disturbed. We inspected large-FoV SDSS images for all the other objects in the sample and found no other examples of potential companions.
Surprisingly, the majority of the sample (55%) exhibit unambiguous large-scale disks, with a significant fraction (38%) hosting clear late-type morphologies in the form of spiral arms and bars. Only approximately one-third of the host galaxies reside in close pairs or show obvious signatures of ongoing or recent interactions. If the ellipticals can be considered merger products, then in total ∼ 45% of the sample are or have been associated with mergers of one type or another. Section 4.2 discusses the implications of these findings in relation to quasar triggering mechanisms. Figure 3 shows the redshift distribution of the host galaxies with different morphological types. The galaxies with disks and morphologically disturbed features generally concentrate toward lower redshifts (z ≈ 0.1) than those classified as ellipticals (median z ≈ 0.4). Have ex- tended features of low surface brightness been missed in these more distant objects?
To test whether surface brightness dimming is the main cause of the classification of the elliptical galaxies, we use the FERENGI code (Barden et al. 2008 ) to generate mock, redshifted images of galaxies using the actual observed images of lower redshift objects. To match the luminosity of quasars with elliptical hosts (log L [O III] /L = 8.88, 9.58, 9.61), we choose nearby counterparts with similar [O III] luminosities covering the range of extended morphologies (merging/disturbed, barred and unbarred spirals, lenticulars). The code takes into account the cosmological corrections for size, surface brightness, bandpass shifting, and k-correction. FERENGI treats the cosmological evolution of the stellar population, crudely parameterizing the luminosity evolution as dM/dz = −1 (Ilbert et al. 2005) . We assume that the mock high-z quasars are located at z = 0.143 and observed with the filter pair F475W/F105W, or at z = 0.4 and observed with the filter pair F555W/F125W.
In the set of simulated IR images (upper panel in Figure 4) , many of the original morphological details are lost, and most of the galaxies would be incorrectly classified as ellipticals or lenticulars when viewed in F105W at z = 0.143 or in F125W at z = 0.4. However, the simulated UVIS F475W and F555W images do a much better job in retaining the original structural information (bottom panel in Figure 4 ). Therefore, so long as images in both filters are available, the morphological classification is unlikely to be biased in our study. We conclude that the morphological classifications of the three elliptical hosts in our sample should be secure.
Structural Decomposition
We analyze the images using GALFIT V3.0 (Peng et al. 2010 ), a non-linear least-squares fitting code that uses Levenberg-Marquardt minimization to decompose the major structural components of galaxies. We allow GALFIT to generate its own σ (weight) image. The sky value is fixed to a constant determined from the average background value of five source-free 150 × 150 pixel 2 regions, and the uncertainty of the sky is the standard deviation of the five measurements. The sky measurement is measured separately for each image of each filter. To minimize contamination from nearby sources, we masked all objects beyond 1.5 times the Kron radius 2 from the target quasar. Additionally, objects that are more than 2.5 mag fainter than the target quasar are masked out regardless of their position because they will hardly affect the fit for the pri- mary target. Unmasked close companions are simultaneously fit with the target galaxy. Prominent dust lanes and regions need to be masked in some objects (e.g., SDSS J080337.32+392633.1, J145019.18−010647.4, and J084344.99+354941.9).
Best-fit Models
We fit bulges with the Sérsic (1968) profile. We set an upper limit of n = 8 for the Sérsic index, which is close to the largest values seen in the most luminous ellipticals (e.g., Kormendy et al. 2009 ). Moreover, values larger than n = 8 are often associated with poor model fits (Barden et al. 2012) . We adopt an exponential profile (n = 1) for the disk component.Spiral arms, when clearly visible, are modeled by coordinate rotation and bending modes provided by GALFIT V3.0 (Peng et al. 2010 ; additional examples can be found in Gao et al. 2019) . Three lenticular galaxies (SDSS J075940.95+505024.0, J093625.36+592452.7, and J130038.09+545436.8) exhibit an inner lens. Gao & Ho (2017 , see also Gao et al. 2018 ) demonstrate that neglecting inner lenses will bias the derived bulge parameters significantly. Therefore, we model the inner lens as an independent component with either a Sérsic or an exponential profile, depending on which gives the better fit.
The bar, when present, needs to be properly included to avoid incurring large errors on the derived properties of the bulge (Laurikainen et al. 2004 (Laurikainen et al. , 2005 Gadotti 2008; Gao & Ho 2017) . Following common practice (e.g., Freeman 1966; de Jong 1996) , we adopt a fixed Sérsic n = 0.5 profile for the bar component. Figure 5 demonstrates the effect of the bar component for one of the objects in the sample. Without a bar component (middle panel), the size, brightness, and ellipticity of the bulge appear to be substantially overestimated due to the influence of the bar. The poor match of the ellipticity profile as well as the large residuals at r ≈ 2 −4 further attest to the For host galaxies classified as merging/disturbed, especially for those with substantial disturbance, the bulge component cannot always be distinguished clearly from the other irregular components. We take as the bulge the prominent central component, which is usually well fit with a single Sérsic profile (with n 8). We use Fourier modes (Peng et al. 2010) to model asymmetric structures such as lopsided features and tidal tails.
Although the active nucleus should be deeply obscured in type 2 quasars, a fraction of its light can still scatter out (Antonucci & Miller 1985) and thereby modify the innermost light profile of the galaxy. A significant fraction of our sample requires an additional compact, nuclear component-modeled as an unresolved PSF component-to achieve a satisfactory fit for the bulge. Absent the nuclear component, the Sérsic index of the bulge can reach unrealistically high values that are inconsistent with the values expected for the morphological types of the host galaxies. An example is illustrated in the right panel of Figure 5 . The three-component (bulge, bar, and disk) model yields a bulge Sérsic index of n = 4.63, which would be unprecedented for such an obviously late-type galaxy (e.g., Balcells et al. 2003; Vika et al. 2015) . The origin of the large Sérsic index is clear: the very central region contains a sharp spike, which has the effect of mimicking a large n. After including an additional nucleus component (left panel of Figure 5 ), the bulge Sérsic index drops to a much more reasonable value of n = 2.08. This suggests that accounting for a nuclear component, probably due to scattered light, is essential to deriving accurate photometric properties of the bulge. A nuclear component seems to be required in 14 objects, of which six are spirals, two are ellipticals, and six are merging/disturbed hosts. The nucleus typically contributes 10% of the total brightness of the galaxy (average of 8% in I WFC3 and 9% in B WFC3 ). Note that, with absolute magnitudes of −18 to −21, these central components are unlikely to be nuclear star clusters, which have typical absolute magnitudes of M I ≈ −10 to −14 (Böker et al. 2002) .
The I WFC3 -band images are significantly deeper than the B WFC3 -band images. The redder bandpass is also intrinsically more sensitive to the dominant, older stellar component of the host, and, of course, is less affected by dust extinction. We first determine the best-fit model using the I WFC3 -band image. Then we fix all structural parameters of the sub-components (e.g., R e , position angle, ellipticity, central position) to solve only for their brightnesses in the B WFC3 band. The mask and sky level of the B WFC3 -band image are determined in the same manner as the I WFC3 -band image.
The best-fit models from the I WFC3 -band images for the sample are given in Appendix A, and the final parameters are summarized in Table 2 . The fits are generally good, with reduced χ 2 ≈ 1. Quasars that are classified as barred and unbarred spirals tend to have less centrally concentrated (n 2) and smaller (R e 0.6 ) bulges, with B/T generally less than 0.2. In contrast, the ellipticals and bulges of lenticular and merging/disturbed hosts have much more concentrated (n > 2), larger (R e > 0.6 ), and more dominant (B/T > 0.2) spheroids. We will discuss in detail the implication of the bulge properties with different morphologies in Section 4.1.
Uncertainties of Best-fit Parameters
Three main factors contribute to the uncertainties of the structural parameters: uncertainties in sky determination, variations of the PSF, and assumptions of the model construction. Uncertainties in sky determination do not affect much components of high surface brightness, such as the bulge, but they do impact the lower surface brightness, extended structures, such as the disk and tidal features. To study the impact of sky determination, we repeat the fits by perturbing the sky level one standard deviation above and below the mean value. The impact of PSF variations was assessed by stacking different combinations of stars to generate variants of the empirical PSFs, and then repeating the fits.
By far the largest source of uncertainty comes from the assumptions that unavoidably need to be made when constructing simplified 2-D models to fit the intrinsically complex structure of galaxies. This problem was recently investigated by Gao & Ho (2017) , who studied the impact of including various morphological components (e.g., inner/outer lenses, bars, disk breaks, spiral arms) on the derived parameters of galaxy bulges. Gao & Ho (2017) showed that inner lenses and bars present the dominant source of uncertainty for the bulge parameters, whereas outer spiral arms have a marginally effect. Therefore, for the disk galaxies in our sample, we explicitly treat bars and, if present, lenses and nuclei. For completeness, we also include spiral arms, even though they are not essential for the robust measurements of the bulge. The best-fit models reproduce properly the observed surface brightness profiles of most galaxies. Following Gao & Ho (2017) , we adopt an average uncertainty of 0.1 mag for the bulge luminosity, and 10% for other structural parameters of the bulge. Ellipticals are obviously less complex, but our single-component fits may be an oversimplification (Huang et al. 2013 ). We nominally assign their uncertainties half of the above uncertainties adopted for bulges. The model uncertainty for the hosts with merging/disturbed morphologies is difficult to ascertain. For concreteness, we simply assume that their uncertainties are twice those for bulges. The final uncertainties for the structural parameters are the quadrature sum of the uncertainties from the sky, PSF, and model Although the Sérsic index n appears reasonable, R e and magnitude of bulge are overestimated; moreover, the ellipticity and residual profiles show the necessity of an additional component around 2 −4 . The fit without a nucleus component, shown in the right panel, gives a bulge Sérsic index that is larger than expected for late-type galaxies. Therefore, both a bar and a nucleus are essential to obtained reasonable structural parameters for this object. decomposition.
Colors
The HST observations were designed specifically to provide at least rudimentary color information with the filter combination of rest-frame B and I. In view of the possibility that the central region of the galaxy might be contaminated mildly by scattered light from the AGN (Section 3.2.1), we perform the color analysis on the images after subtracting the best-fit nucleus component, if present. We can generate color images in a straightforward manner for the six targets that were observed with the same (UVIS) detector. The majority (23/29), however, were observed with two detectors with different pixel scales and spatial resolutions. We rebin the UVIS images to match the pixel scale of the IR images, and we convolve the images taken in one filter with the corresponding PSF of the other filter. The color maps are generated by (B − I) WFC3 = −2.5 log(f BWFC3 /f IWFC3 ) + ZP BWFC3 − ZP IWFC3 , where f BWFC3 and f IWFC3 are the counts in B WFC3 and I WFC3 , respectively, and ZP BWFC3 and ZP IWFC3 are the corresponding zero points. We apply the IRAF task ellipse to the color images to derive radial color profiles. Figure 6 gives the color maps and color profiles. For each object, the upper panel shows the B WFC3 image, the I WFC3 image, and the (B − I) WFC3 color map. The color radial profile is shown in the bottom panel. We will discuss the results in Section 4.1.
Bulge Stellar Masses
We convert the I WFC3 magnitude of the bulge (M I,bul ) to the bulge stellar mass (M bul ) using a mass-to-light ratio (M/L) inferred from the rest-frame (B − I) color. a
The magnitude of the disk in Column (6) and (13) is the sum of the magnitudes of all the components except the bulge and nucleus component.
b This galaxy has an inner lens; the magnitude given in Column (7) and (14) refer to the lens instead of the bar. (1) where M I, = 4.08 is the I-band absolute magnitude of the Sun (Binney & Merrifield 1998) . This relation assumes a Kroupa (2001) stellar initial mass function. The stellar masses have typical errors of ∼ 0.1 dex due to uncertainties in stellar population (Bell et al. 2003; Conroy et al. 2009 ).
We use the SDSS Data Release 7 (DR7) spectrum of each object to calculate the k-correction and the color conversion from the B WFC3 and I WFC3 filters to conventional B and I filters. Strictly speaking, the SDSS spectrum, taken using a 3 fiber, covers the central ∼ 5.6 kpc of the host galaxy (for median z ≈ 0.1), much larger than the size scale of the bulge. Nevertheless, we will use it and confirm later that the stellar mass derived from the spectrum well represents the bulge mass.
Note that the spectral range of the SDSS spectrum is not wide enough to cover the I WFC3 bandpass. We, therefore, derive the stellar spectrum by fitting the SDSS spectrum (see Figure 7 for an example) with a Bruzual & Charlot (2003, BC03) Cardelli et al. (1989) . As previously noted, contamination from nuclear scattered light is not entirely negligible for 14 of the quasars. For consistency, a power-law continuum representing the AGN component is included in the fits for these objects. The SDSS spectra of 24 targets have sufficiently high S/N ( 15) that their best-fit BC03 model yields a reduced χ 2 ≈ 1. For the remaining five objects with spectra of lower quality (S/N < 7), we simply adopt a model consisting of an old (10 Gyr) and a young (2.1 Gyr) population (Canalizo & Stockton 2013) .
In view of the fact that the SDSS spectrum generally covers larger regions of the host galaxy than the scale of bulge, we consider the SDSS spectrum to be representative of the whole host galaxy and derive an alternative estimate of the bulge stellar mass. We first obtain the total stellar mass of the host galaxy (M * ) using its integrated I-band magnitude and (B − I) color by Equation 1, and then we attribute a fraction B/T thereof to the bulge (M bul,B/T ). These alternative estimates of the bulge masses derived from B/T agree well with those derived from bulge magnitudes: log M bul −log M bul,B/T = 0.03 ± 0.16 dex.
Another check on our stellar masses can be made using the subset of 19 objects that overlap with the MPA-JHU catalog 3 of spectral measurements from SDSS DR7. The stellar masses in this catalog were derived from spectral energy distribution fits to the DR7 photometry 4 The median total stellar masses from DR7 (M * ,DR7 ) agree well with our estimates: log M * −log M * ,DR7 = −0.01±0.13 dex. Table 3 lists the stellar masses derived in this work. For simplicity, in the following discussion, we simply adopt the bulge masses (M bul ) estimated from Equation (1). We note that none of the conclusions of this paper depends on which of the two bulge masses we choose.
RESULTS AND IMPLICATIONS

Evidence of Nuclear Star Formation
Black hole accretion and star formation are often suggested to go hand in hand Hopkins et al. 2006 ), but the verdict from observations is somewhat mixed. While some studies of the stellar population of AGN host galaxies find nuclear and starburst activity to be broadly synchronized (e.g., Tadhunter et al. 2011; Bessiere et al. 2014 Bessiere et al. , 2017 , others maintain that AGN activity significantly lags behind star formation (e.g., Wild et al. 2010; Canalizo & Stockton 2013) . The color information from this study provides some fresh insights into this issue, from the point of view of luminous, obscured quasars that should be experiencing both intense star formation and black hole growth.
The color maps shown in Figure 6 illustrate that in most of the hosts the central regions of the bulge are generally bluer than their outer regions. This holds for most of the merging/disturbed hosts and most of the disk galaxies. The few that do not follow this trend may be affected by dust reddening (i.e. some of the disturbed systems and two of the lenticulars with prominent inner dust lanes). Consistent with the expected behavior of galaxies, almost all the global color profiles initially exhibit a negative color gradient in their outermost regions (become redder toward smaller radii). However, upon reaching the central regions, roughly on the scale of the effective radius of the bulge, most of the color profiles flatten or even turn over at smaller radii.
To quantify this effect, we derive the color gradients of the inner and outer regions of the host galaxies (see Table 3 ), and we directly compare them with a control sample of inactive galaxies measured in the same manner from the Carnegie-Irvine Galaxy Survey (CGS; Ho et al. 2011) . The inner region is defined as the range from half of the PSF FWHM (to avoid possible AGN contamination, even after subtracting the nucleus) to the effective Figure 7 . An example of fitting the rest-frame, Galactic extinction-corrected SDSS spectrum (black solid curve) of SDSS J105208.19+060915.1 to obtain a sufficiently broad stellar continuum. The shaded cyan areas show the parts of the spectrum used in our fits that avoid strong emission lines. The model consists of four BC03 stellar population synthesis components. A power-law AGN component is included to be consistent with the GALFIT fit. The red solid curve is the total best-fit continuum containing all BC03 components and the power law; the yellow dashed curve is the stellar component (linear sum of the four BC03 components); the blue dashed line is the power-law component. The bandpasses of the WFC3 filters are presented as green solid curves, and those of the B and I filters are shown as green dash-dotted curves.
radius of the bulge (R e ); the outer region extends between R e and 2.5R e . Following Li et al. (2011) , the color gradient, corrected for Galactic extinction, is calculated as the slope of the color profile, representing the change in color per dex in radius:
where r 1 and r 0 correspond to R e and 0.5 FWHM of PSF for the inner region, and 2.5R e and R e for the outer region. As in Li et al. (2011) , color gradients larger than 0.1 are considered positive, between −0.1 and 0 are flat, and smaller than −0.1 are negative. A positive slope indicates that the galaxy is getting bluer toward the center. Regardless of the sign of the outer color gradients, most of our objects exhibit positive inner B − I color gradients. Figure 8 compares the inner color gradients of our sample, split by morphological types, relative to a comparison sample drawn from CGS . The two samples are clearly different. Apart from two S0 hosts with central dust lanes, all the early-type hosts of type 2 quasars (ellipticals and S0s) have positive inner color gradients. By comparison, 85% of the ellipticals and 64% of the S0s in CGS have flat inner color profiles. The contrast is even more pronounced for spiral galaxies, for which all spiral AGN hosts have clearly positive inner color gradients, whereas negative gradients characterize the majority (65 − 88%, depending on the exact morphological type) of the bulges of inactive spirals. Even merging/disturbed systems hosting type 2 quasars, whose environments expected to be dusty, mostly exhibit positive inner color gradients. The host galaxies of type 2 quasars have a preponderance of blue central regions compared to normal galaxies of similar Hubble type, consistent with enhanced ongoing or recent star formation.
Additionally, less direct but nevertheless compelling evidence for enhanced central star formation in type 2 quasars comes from inspection of the detailed structural parameters of the host galaxies. Figure 9 illustrates the distributions of Sérsic index (n) and bulge-to-total ratio (B/T ) as a function of bulge stellar mass (M bul ) for the sample. Not unexpectedly, the merging/disturbed hosts (grey symbols) tend to have more massive (M bul 10 10.5 M ), more prominent (B/T 0.2) bulges with relatively large Sérsic indices (median n = 2.63), akin to classical bulges and consistent with the expectation that major mergers build classical bulges (Kormendy & Kennicutt 2004; Fisher & Drory 2008) . The undisturbed early types in the sample (lenticulars and ellipticals; red and orange symbols, respectively) span a wide range in mass, but their Sérsic indices are large (median n = 4.02), again consistent with classical bulges. The late-type hosts are strikingly different. Most of the barred and unbarred spirals (blue and green symbols) have bulges of lower mass (M bul 10 10.5 M ), lower prominence (B/T 0.2), and characteristically lower Sérsic indices (n 2). They conform to the typical properties of pseudo bulges (Kormendy & Kennicutt 2004; Fisher & Drory 2008) .
The Kormendy relation (Kormendy 1977) , an inverse correlation between the effective radius (R e ) of spheroids and their surface brightness (µ e ) within R e , provides a useful empirical tool to distinguish bulge types. At a given R e , pseudo bulges have lower µ e than classical bulges or elliptical galaxies (Kormendy & Kennicutt 2004; Gadotti 2009; Fisher & Drory 2010) . Figure 10 (top) examines the Kormendy relation of our sample using best-fit parameters from the I WFC3 band. We fit the relation only for the classical bulges (i.e. ellipticals and the bulges of merging/disturbed and lenticular galaxies), which is denoted by the solid line. It is surprising that the late-type galaxies, which, as argued above, contain pseudo bulges, do not depart from the relation of classical bulges. This grossly deviates from the behavior of inactive galaxies, for which pseudo bulges scatter systematically below the locus of classical bulges and ellipticals. Why do pseudo bulges not appear in the Kormendy relation of type 2 quasar host galaxies? The simplest and most plausible explanation is that the bulge effective surface brightnesses have been enhanced because of excess light from recent or ongoing star formation. Together with the color gradients previously discussed, we conclude that the central regions of these obscured quasars have a characteristically young stellar population, presumably associated with a recent episode of star formation. A similar trend is also reported in the hosts of type 1 AGNs (Kim & Ho 2019 ).
Are Mergers Important for Triggering AGNs?
The role of mergers in governing AGN activity remains a vexingly controversial topic. From a theoretical point of view, major external triggers are thought to be necessary to supply the high mass accretion rates needed to sustain the luminosities of the most powerful quasars (Shlosman et al. 1990 ). The less stringent fueling requirements of weaker AGNs can be met through internal secular processes, such as angular momentum transported by bars (e.g., Ho et al. 1997; Somerville et al. 2008; . A substantial body of observational evidence broadly supports this thesis. From their analysis of a large sample of AGNs spanning a wide range of bolometric luminosities and redshifts, Treister et al. (2012) report a strong correlation between the fraction of host galaxies experiencing major mergers and AGN luminosity. A high incidence of merger features is frequenctly found for luminous AGNs, be they unobscured Kormendy relation for the bulges of the host galaxies, color-coded by morphological type. The solid line is the best-fit µ e −R e relation for the bulges of elliptical, lenticular, and merging/disturbed galaxies, and the two dashed lines represent its ±3σ scatter.
(e.g., Letawe et al. 2010; Liu et al. 2012; Hong et al. 2015) , dust-reddened (Urrutia et al. 2008; Kocevski et al. 2015; Fan et al. 2016) , or highly obscured (Villar-Martín et al. 2011; Bessiere et al. 2012; Wylezalek et al. 2016; Donley et al. 2018; Urbano-Mayorgas et al. 2018) . But not everyone agrees. A significant number of studies of luminous AGNs at moderate (0.5 < z < 0.8; Villforth et al. 2014 ) and high (z 2; Schawinski et al. 2011 Schawinski et al. , 2012 Mechtley et al. 2016; Villforth et al. 2017 ) redshifts dismiss the importance of major mergers in driving nuclear activity.
One of the most surprising results of this study is the sheer diversity of the morphologies of the host galaxies of obscured quasars. As summarized in Section 1, the traditional gas-rich major merger scenario for quasar evolution predicts that type 2 quasars should be hosted by morphologically highly disturbed galaxies. This basic expectation is not supported by our observations, at least not for a sizable fraction of our sample. Among the 29 objects studied, only 10 (34%) show clear morphological signatures of interactions or mergers, rising at most to 13 (45%) if we regard the three ellipticals as post-merger products. The majority (55%; 11 spirals and 5 lenticulars) possess normal disks. Even if we accept that lenticulars may be remnants of major mergers (Eliche-Moral et al. 2018 )-by no means a universal view (Kormendy et al. 2009 )-a substantial fraction (38%) are incontrovertibly ordinary unbarred or barred latetype spiral galaxies. Although it is stated that disks can survive from gas-rich major mergers under some circumstances (e.g., Barnes & Hernquist 1996; ), the remnants cannot significantly fuel central black holes , and the regrowth of the disk Bundy et al. 2010 ) takes much longer that the typical quasar lifetime (e.g., Porciani et al. 2004; Hopkins et al. 2005; Shen et al. 2007) . Therefore, the late-type host galaxies of type 2 quasars, which most likely possess pseudo bulges (Section 4.1), probably never experienced major mergers during their lifetimes. Secular processes presumably were responsible for their black hole growth. Interestingly, most of the spirals (8 out of 11) contain a bar (Figure 2) .
The subset of our type 2 quasars hosted by spirals has a typical [O III] λ5007 luminosity of 10 9 L , not dissimilar from those hosted by earlier type galaxies or mergers. For an [O III] bolometric correction of 600 (Kauffmann & Heckman 2009 ), this corresponds to a bolometric luminosity of L bol = 2.3 × 10 45 erg s −1 , or a mass accretion rate ofṀ = ( c 2 ) −1 L bol ≈ 0.4 M yr −1 , where c is the speed of light and = 0.1 is the radiative efficiency. This level of fueling is modest, reflecting the fact that our sample of low-redshift obscured AGNs, although technically considered as "quasars", are, in fact, quite modest in power. Bar-driven gravitational torques may suffice to transport cold gas at this rate to the central regions of spiral galaxies (Haan et al. 2009 ).
CONCLUSIONS
We observed 29 local (z ≈ 0.04−0.4), optically selected type 2 quasars in rest-frame B and I using WFC3 on HST, to study the stellar properties of their host galaxies and explore their triggering mechanism. We classify the morphologies, perform detailed two-dimensional decomposition to study structural properties of the hosts, analyze their optical colors and color gradients, and derive bulge stellar masses. Our principal findings can be summarized as follows:
• Only a minority (34%) of the host galaxies exhibit clear merging or disturbed features. A significant fraction (38%) of the hosts are late-type, mostly disk-dominated spiral galaxies. Major mergers do not seem to play a dominant role in triggering nuclear activity in nearby obscured quasars, but the luminosities of these sources, and hence their mass accretion rates, are not sufficiently high to severely challenge the major merger model for quasar evolution. Indeed, we argue that secular processes alone may suffice to supply their modest fueling rates.
• The central regions of most of the host galaxies are bluer than their outer parts, indicating nearly Figure A1 :. GALFIT decompositions for the 29 type 2 quasars. For each object, the top row shows (left) the observed I WFC3 image, (middle) the best-fit 2-D model, and (right) the residual image. The bottom panels give, respectively, the radial profile of ellipticity, position angle, surface brightness, are the residuals between the best-fit model and the observed surface brightness profile. The best-fit 1-D model (magenta line) was extracted from the best-fit 2-D model. The individual subcomponents are listed in the legend, which also gives the final reduced chi-squared of the fit. The profile for the PSF is plotted as a gray line.
ubiquitous recent or ongoing star formation.
• While merging/disturbed systems and early-type (lenticular and elliptical) hosts tend to have Sérsic indices (n 2) and bulge-to-total ratios (B/T 0.2) expected of classical bulges, the late-type hosts possess pseudo bulges with n < 2 and B/T 0.2. However, unlike inactive galaxies, the pseudo bulges hosting type 2 quasars have systematically higher central surface brightnesses because of the excess light from young stars. 
